Chlorinous off-flavours in drinking water are a leading cause of complaints to Australian water utilities and other utilities worldwide. The occurrence and causes of chlorinous odours in drinking water were investigated with the use of an odour panel, trained using a modified flavour profile analysis technique. A new system for classifying water types according to the causes of chlorinous odours was developed in order to enable improved management strategies for the reduction of these off-flavours.
INTRODUCTION
Chlorinous off-flavours in drinking water are a leading cause of taste and odour complaints to water utilities in Australia ( Joll et al. ) , and are also commonly reported worldwide (Mackey et al. a) . Aesthetic quality of drinking water is usually the only measure of quality available to most consumers, and is therefore the basis by which consumers judge the safety of drinking water (McGuire ). The end result may be reduced confidence in water utilities, increased consumption of bottled water (McGuire ) and a shift towards point of use or point of entry treatment devices (Mackey et al. a) .
Despite obvious concern by water authorities (Khiari (Willmore ) . In addition, consumers often do not accurately identify chlorinous offflavours (Mackey et al. b) . The presence of any objectionable odour may be misidentified as chlorinous because of widespread awareness of chlorine as a key drinking water chemical (Mackey et al. b) .
Many Australian treated waters, particularly in Western
Australia, require relatively high chlorine doses (up to 7 mg/L for pre-chlorination and up to 4 mg/L for chlorination posttreatment) due to high levels of dissolved organic carbon (DOC) remaining after treatment. Additionally, some above ground pipelines are exposed to frequent high temperatures, causing greater chlorine decay rates ( Joll et al. ) . While the local surface water typically requires minimal treatment, the quality of the groundwater varies widely and groundwater sources commonly require a number of treatment steps to reduce the concentrations of DOC, hydrogen sulphide, ammonia and iron, and to reduce colour and turbidity.
Consumer complaints of chlorinous off-flavours are a serious problem for many utilities that use chlorine-based disinfectants worldwide, since these taints adversely affect consumer perceptions of water safety and quality. It is therefore of significant interest to further investigate chlorinous off-flavours. The aims of this study were to identify and classify the causes of chlorinous off-flavours, using the Perth distribution system. Since elevated bromide concentrations occur frequently in southern Australian source waters and since brominated compounds are generally more organoleptically potent than their chlorinated analogues (Acero et al. ) , the role of bromide in chlorinous off-flavours was also investigated. This is the first study of the role of bromide in the formation of chlorinous off-flavours in drinking water. A new system for classifying water types according to the causes of chlorinous odours was proposed. Improved water quality management practices to reduce these offflavours in distributed waters were developed.
MATERIALS AND METHODS

Preparation of glassware
All glassware was carefully prepared to remove odours and contaminants. Preparation included final rinsing with ultrapure water (Milli-Q) several times, and annealing the glassware in an oven set at 550 W C overnight, with the annealed glassware being stored in a room without background odour. Just prior to use, glassware was rinsed at least three times with sample water.
Sample sites and collection
Samples were collected from drinking water treatment plant outlets in amber bottles, filled to the top to minimise headspace and immediately transported in a cooler to the laboratory. The primary samples were taken from two surface water treatment plant outlets (SW1 and SW 2) and six groundwater treatment plant outlets (GW 1, GW 2, GW 3, GW 4, GW 5 and GW 6) in the Perth Metropolitan Region, forming the foundational study sites for this research.
The water quality of the surface water sources is relatively good, with no treatment other than disinfection and fluoridation currently employed (Allpike ). The groundwater treatment plants source groundwater from a number of different aquifers in the Gnangara Groundwater System, as shown in Table 1 .
The water treatment processes employed at the different groundwater treatment plants were as follows: GW 1 (GW 1 extracts water from a limestone formation rather than interbedded sandstone, siltstone and shale (Salama )):
aeration, lime softening, pH adjustment, filtration, chlorination and fluoridation; GW 2: pre-chlorination and aeration, enhanced alum coagulation, rapid sand filtration, lime softening, chlorination and fluoridation; GW 3: aeration, pre-chlorination, a magnetic ion exchange (MIEX  ® ) resin process, alum coagulation, chlorination for manganese removal and filtration, before final chlorination and Additional study sites (SW 3, GW 7, GW 8 and GW 9) were included to provide a larger sample size for examination 
Organic and inorganic water quality parameters
The free chlorine in a subsample of each water sample was quenched by the addition of aqueous sodium sulphite solution (4.25 mL; 12 g/L) and the quenched samples were analysed by a commercial laboratory (SGS Australia Pty Ltd) for a number of water quality parameters (Table 2 ). Bromide was analysed in our laboratory by ion chromatography with UV detection (Dionex ICS90; Dionex Corporation, Sunnyvale, CA) using a DionexIonPac ® AS23 ion exchange column (4 × 250 mm) and a carbonate eluent (1.0 mM NaHCO 3 and 10.2 mM NaCO 3 ).
RESULTS AND DISCUSSION
Water samples were collected from eight treatment plant outlets in the Perth Metropolitan Region. These samples were analysed for general water quality parameters and the chlorine concentrations and odour characteristics were monitored over time (25 W C).
Water quality characteristics of treatment plant outlet samples
Typically, surface water samples had lower alkalinity, total alkalinity and hardness than the water exiting the groundwater treatment plants (Table 2) , as a result of the greater exposure of the groundwater to carbonate-containing rocks.
Groundwater samples generally had higher chloride and bromide concentrations than the surface water samples, The odour panel detected a chlorinous odour as the predominant odour in SW 1, SW 2, GW 1, GW 3, GW 4, GW 5
and GW 6 samples when the free chlorine equivalent concentration was at or above the OTC for free chlorine, but not below the OTC for free chlorine. GW 3 had different odour characteristics to the other four samples (SW 1, SW2, GW 4 and GW 5), exhibiting an additional odour, which will be discussed later. Samples SW 1, SW 2, GW 4
and GW 5 were therefore classified as 'Type 1', where a chlorinous odour is only detected when the free chlorine equivalent concentration is at or above the OTC for free chlorine and where the chlorinous odour is therefore likely due to the presence of free chlorine.
Not all water treatment plant outlet samples behaved in this manner: for samples GW 1 and GW 6, a chlorinous odour was detected not only when the free chlorine equivalent concentration was above the OTC for free chlorine, but also consistently when the free chlorine equivalent residual was lower than the OTC for free chlorine, and even when there was no detectable free chlorine equivalent residual (limit of detection of 0.02 mg/L). For GW 1, there was a chlorinous odour detected by the panel when neither free nor total chlorine equivalent residual were detectable.
These samples were classified as 'Type 2'.
The off-flavour associated with free chlorine is due to the species hypochlorous acid (HOCl) and the hypochlorite ion (OCl À ) (Krasner & Barrett ) . Studies have found that the aroma threshold value for OCl À is higher than for
HOCl, indicating that a lower pH could result in a more easily detected chlorinous odour (Krasner & Barrett ).
The major species present depends upon pH, with the pK a of HOCl being 7.53. The Australian Drinking Water Guidelines specify a pH of finished water between 6.5 and 8.5
(ADWG ). At pH 6, 95% of the hypochlorite will be in the HOCl form and, at pH 9, the predominant species present will be OCl À (Clark & Sivaganesan ). Type 1 water samples exhibited a range of pH (Table 2) : SW 1 (pH 6.7), SW 2 (pH 7.5), GW 3 (pH 8.7), GW 4 (7.5) and GW 5 (pH 7.8), indicating that some samples contained predominantly hypochlorous acid and some samples predominantly hypochlorite, but presumably the lower the pH, the more easily detected the odour due to chlorine.
The presence of a chlorinous odour without the presence of any free chlorine equivalent concentration suggest that the odour is due to compounds that are not free chlorine nor other compounds capable of the DPD oxidation reaction required for the measurement of free chlorine.
Most taste and odour problems not due to excess chlorine are thought to be due to compounds formed upon the reaction of the oxidising disinfectant with natural organic matter, i.e. DBPs (Freuze et al. ).
In the Type 2 waters, when there was no free chlorine equivalent residual remaining, the chlorinous odour was likely due to one or more DBPs. When the free chlorine equivalent concentration was present but below the free chlorine OTC, again the chlorinous odour may have been due to these one or more DBPs and, possibly, oxidants other than chlorine. When the free chlorine equivalent concentration was above the free chlorine OTC, the chlorinous odour may have been due to some or all of these factors, as well as free chlorine itself.
Occurrence of chlorinous off-flavours due to compounds other than free chlorine has previously been reported in unlikely that the chlorinous odours in Type 2 waters were due to combined chlorine compounds, such as chloramines.
Some Type 1 waters had higher ammonia or total Kjeldahl nitrogen concentrations than Type 2 water (Table 2) , and it would be expected that these waters would contain higher concentrations of chloramines than the Type 2 waters, but they did not exhibit chlorinous odours. There was no observed link between ammonia or total Kjeldahl nitrogen concentrations and chlorinous odours, or indeed, between combined chlorine and chlorinous odours.
Additionally, at least one of the study sites (GW 1) exhibited a distinct and persistent chlorinous odour when total chlorine residual was not detectable. Other odorous compounds were therefore indicated, although the odorous compounds may well be organic bromamines (or chloramines) that are present below the detectable limit for total chlorine.
The GW 2 sample exhibited different odour characteristics to the other samples (Figure 1 ). GW 2 did not exhibit a chlorinous odour even when the free chlorine equivalent concentration was above the OTC for free chlorine. At all odour panel events, this sample was described as having a strong 'sulphurous' odour. This odour presumably masked the odour of chlorine when the free chlorine equivalent concentration was above the OTC of free chlorine.
Groundwater from the Gnangara Mound contains significant concentrations of sulphide which is oxidised using aeration and pre-chlorination during treatment. Oxidation of sulphides using this method is often incomplete and the If any chlorinous odours were present when the free chlorine equivalent concentration was below the free chlorine OTC, they would also have been masked by this odour.
This sample was therefore designated as 'Type 3', where chlorinous odours that may be present are masked by another stronger odour. The concept of masking is well known, e.g. for free chlorine masking earthy and musty odours in drinking waters (Suffet et al. ) , but this is the first report of a sulphurous odour masking a chlorinous odour in a drinking water.
The odour panellists (60%) also detected a sulphurous odour in the GW 3 sample when the free chlorine equivalent concentration was below the OTC for free chlorine.
The sulphurous odour was present (detected by 20% of panellists), but not strong enough to mask the chlorinous odour, when the free chlorine equivalent concentration was above the OTC of free chlorine, but became important when the free chlorine equivalent concentrations were low, masking any possible chlorinous off-flavours present.
This water was therefore also designated as being of Type 3, as it contained an additional odour that could mask chlorinous odours, albeit over a lower chlorine equivalent concentration range.
Role of bromide in the formation of chlorinous odours
Bromide occurs naturally in many drinking water sources, with concentrations commonly ranging from around 0.05-0.80 mg/L in Western Australian source waters (Heitz et al. ) , but can reach up to 2.8 mg/L and higher if the water is affected by saltwater intrusion or other phenomena (Gruchlik et al. ) . Bromide is difficult to remove with conventional water treatment practices and is readily oxidised by chlorine during water treatment to form bromine (Westerhoff et al. ) . This has a number of implications for studies of chlorinous odours. First, during the analysis of chlorine concentrations, the bromine can also react with the DPD reagent and be measured as its free chlorine equivalent concentration, and secondly, the presence of bromine must be considered when assessing off-flavours, as bromine has been described as having a chlorinous odour
The composition of the initial free chlorine equivalent concentrations in a series of treated water samples, including the treatment plant outlet waters and four additional water samples (SW 3, GW 7, GW 8, GW 9) , is given in have been due to bromine in these samples (Table 3) Calculations based on the concentration of bromide measured in the quenched sample, assuming that all of this bromide was in the form of bromine in the sample prior to quenching. 
CONCLUSIONS
A new system for classifying water types according to the cause of chlorinous off-flavours was developed. Type 1 waters exhibited a chlorinous odour only when the free chlorine equivalent concentration was equal to or above the OTC for free chlorine. Type 2 waters exhibited a chlorinous odour both above and below the OTC for free chlorine.
Type 3 waters had the presence of another odour that masked any chlorinous off-flavours.
Up to 34% of the free chlorine equivalent concentration in these samples was found to be due to bromine.
Water type classifications were found to be related to the concentration of bromide in the quenched samples. Bromine was proposed to play an important role in disinfectant residual and chlorinous odours in waters in distribution systems where source waters have high 
